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The relatively novel cold spraying process expands its range of applications constantly. In
order to continue this trend, this process still has various hurdles that need to be overcome
such as clogging. Clogging within the cold gas spraying process causes porous coatings with
less material properties and lower durability; a solution is needed in order to reduce the
clogging and so expand the cold gas spraying applications. This study aimed to explore
the feasibility of using an electric field to reduce clogging. To do so, a simplified channel
was used to simulate charged particle trajectory shifts under the influence of an electric
field. The study took into consideration the limits of the charge of particles, the breakdown
field within the channel, and the created inception voltage due to the interaction between
the charged particles and the surrounding electric field. Particle trajectories were analyzed
based on the particle size, velocity, material, electric field strength, and the path length.
It was concluded that an electric field has adequate effects on the particle trajectories to
potentially reduce clogging and possible even focus the particle stream in the cold spraying
process. Preliminary design ideas for a focusing system were briefly discussed, paving the
way for future research on this topic.
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Preface
I chose this topic due its intersection between electrostatics and fluid mechanics. Electro-
hydrodynamics has vast potential in a wide array of applications. This feasibility study is
aimed to provide a base for further research on an electromagnetic guiding system to be
used in the cold spraying process.
First, I would like to thank Professor Horst J. Richter for supporting me throughout the
project. I also would like to thank Thayer faculty for advising me on specific topics in the
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1 Introduction
1.1 Thermal Spraying Background
The coating of materials to enhance their properties has become an important aspect within
manufacturing engineering. Coating an object allows one to increase its surface heat or elec-
trical conductivity, seal the surface and give it better mechanical properties. A common
way to coat objects is by thermal spraying. This process involves a high temperature gas
which heats or even melts either a powder or a wire, and shoots the material towards a
surface. The particles stick to the surface by deforming on impact and then rapidly cool
and harden. These coating materials consist mainly of metal, but also include ceramics and
other materials [43] [49][13].
There are 3 different types of thermal spraying. Flame spraying combusts a gas and uses
that heat to melt wire or powder particles within the flow of the hot gas and then carry
them towards the substrate. Wire arc spraying is also able to use a wire as feed stock. This
process uses a high potential between the wires that ultimately leads to breakdown in the
gas where an arc is formed between the wires. The heat energy released in this process melts
the wires continuously as a high-pressure gas carries the melted material away. The advan-
tage of these two methods is the ability to use a wire as feed stock, which is much cheaper
than the powder used in the other processes. Plasma spraying uses a similar methodology
of utilizing the breakdown field, but here the gas (usually argon) is brought into a plasma
state with a high potential difference. The heated plasma melts powder particles that are
fed into the stream and propels them onto the substrate. [24][23][32][11].
Thermal spraying allowed manufacturers to make parts out of cheaper materials and coat
them with the material they want the surface properties off or improve certain aspects of
a material with the coating. However, there are a few drawbacks to the process. Due to
the high temperature of the gas stream and particles hitting the substrate, the target mate-
rial needs to be able to withstand high temperatures or be cooled. This eliminates certain
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heat sensitive materials that would benefit from a coating. Additionally, the relatively slow
velocities of the particles and presence of oxygen in the gas leads to particles becoming
oxidized. The oxidized particles create a coating that is much less thermally and electrically
conductive than the non-oxidized stock material. The surface of thermal spraying is also
quite porous, and corrodes relatively easy.
To combat these downfalls new techniques were developed such as vacuum plasma spraying
which was essentially plasma spraying but in a vacuum chamber. This process eliminated
oxidation issues, but it is very expensive. High velocity oxy fuel spraying is a relatively
novel method that uses a continuous combustion of a liquid or gaseous fuel with oxygen gas
to create a high pressure gas stream. This stream carries powdered particles towards that
substrate at supersonic speeds through a deLaval type nozzle. This method is unique as
the gas temperature is not high enough to melt all of the powdered particles, however this
process creates a less porous, high-strength coating [11] [43] [49] [25].
1.2 Cold Gas Spraying
In the late 1980s a new method of coating was developed that seemed to eliminate a lot
of the previous problems that thermal spraying had. At the Institute for Theoretical and
Applied Mechanic at the Russian academy of sciences in Novosibirsk, Alkimov and Papyrin
discovered that particles hitting a substrate at high velocities plastically deform upon impact
and stick to the surface [5][7][6]. These researchers analyzed this process and found that
above a certain velocity particles would stick to the surface as they plastically deformed due
to their high kinetic energy. These deformed particles created a strong coating that was well
sealed and harder than thermal spray coatings. This process is now called cold gas spraying.
Cold spraying has since been developed and improved a lot to now be applied in vari-
ous industries. The process involves the heating of a nitrogen or helium gas to 200-550C,
sometimes up to 600C, [42][43] [15] [47] with a pressure of 15- 35 bar (usually between 20
and 30 bar) [43][49][26][10].
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Figure 1: Typical Cold Spraying Set-Up [8]
This high pressure gas is sent through a converging to diverging deLaval type nozzle where
it reaches speeds of 500 to 1200 m/s and faster [43][46]. The powder stock is fed into the
high temperature, low velocity gas stream, of around 20 m/s, in the entrance section of
the nozzle. The powder is accelerated by the main gas flow through the nozzle and shot
out the exit towards the substrate. Up to 8kg/h of stock at 90% deposition efficiency can
be achieved with this coating process [29] [31][40] [43] but usual rates are around 2 to 4
kg/h [36] [13][43][47]. The deposition efficiency refers to the ratio of the material deposited
onto the substrate and the total sprayed mass. The more of the material stock sticks to
the substrate, the higher the deposition efficiency. The substrate is 20 to 60mm behind the
nozzle, and the process can achieve coatings of 100 micrometers to multiple millimeters in
thickness[29] [31][40]. The particle size typically used in the cold spray process ranges from
5 to 25 micrometers in diameter. A smaller variation in size can be used but that drives up
the cost of the stock, while a wider variation will decrease deposition efficiency [43][36] [29][8].
It has now been understood that the particles deform due to adiabatic shear instabilities be-
tween particle/substrate and particle/particle interfaces. This occurs only when the kinetic
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energy of the particle is sufficiently high. This process happens easier at higher tempera-
tures but also at higher velocities when the particle impact is more severe [8]. Due to the
shock-waves after the nozzle exit smaller particles are slowed down quite a bit. They have
less inertia and so are affected more by these shock-waves, while their small size also causes
them to cool quicker and therefore not deform and stick as easily upon impact [49][43]. On
the other hand, large particles also need higher velocities to deform on impact. A critical
velocity has been established that takes into account the particle material and size. This
critical velocity dictates the minimum velocity the particle need to have in order to have an
acceptable deposition efficiency [43][8][49][36][29][13].
Compared to thermal spraying, cold gas spraying has many advantages. The coating can be
of various materials since the particles do not need to melt within the gas flow, which allows
for a wider range of applications such as super-alloys with very high melting temperature.
Also, since the gas temperature can be cooler, the surfaces which receive the coating do
not need to be cooled and can also be of a wider range of materials. Additionally, cold
spraying gives a more sealed coating with much better electrical and thermal conduction
values compared to thermal spraying which partly is due to less oxidation of the particles.
The lower oxidation is due to the use inert gases such as nitrogen or helium, as compared to
flame spraying which needs oxygen in the gas to combust. Another contributing factor to
the better coating properties are the strong bonds formed between particle/surface and par-
ticle/particle interfaces due to the high velocities on impact and rapid cooling [43][49][29][8].
Cold spraying is now used in variety of industries. For example, the aerospace industry
utilizes this technology to coat parts such as turbine blades and propellers; cold spraying
is also used to repair them. The coatings allow quick repairs of old parts, giving them a
smoother surface compared to welding while also restoring structural integrity. Other parts
are coated in certain materials, for example, to keep the base material cheap, while still
utilizing the surface properties of a different, more expensive material [43] [25]. Recently,
cold gas spraying has been adopted into the manufacturing industry as a way to free-body
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3-D print metal parts [41]. This technique could revolutionize metal manufacturing.
1.3 Clogging Issue
Clogging of the deLaval nozzle is a major challenge in cold gas spraying. Particles at high
velocities tend to stick and bind to the nozzle wall right after the throat region, causing the
nozzle to clog up and work less efficiently. The deposits also lose quality as they become
more porous, deteriorate faster and have reduced material properties [39]. The effects be-
come worse as the temperature of the gas rises, but in order to increase the speed of sound
and to increase particle deposition efficiency a higher temperature is favorable [48] [8].
Clogging is caused when the metallic surfaces of the particles and the wall come into contact
and create metallic bonds. As particles accumulate they create a growing layer of material
that inhibits the flow. This is particularly an issue at the region just after the throat of the
deLaval nozzle [39].
It is hypothesized that clogging occurs through the angles of impact of some particles that
hit the nozzle wall. Above a certain angle these particles do not bounce off anymore and
stick to the surface. Steeper impact angles are likely due to turbulence in the flow. This is
supported by the observation that smaller particles tend to clog more, which, due to their
smaller inertia, are more affected by the gas flow [48]. Another main factor that contributes
to clogging is the nozzle wall temperature. Particles tend to stick easier to the nozzle surface
as the temperature of the nozzle rises due to the hot gas flow. The hotter the nozzle wall
the easier the particles stick [39][48][18][43].
1.4 Previous Work to Reduce Clogging
Previous clogging-prevention studies focused on the nozzle temperature under the assump-
tion that the hotter the nozzle wall, the easier the particles will bind to it. Their tests
consisted of a water-cooling system that cooled the nozzle wall down. Experiments showed
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that this was a promising way of decreasing nozzle clogging without slowing the particles
down [48][18]. It is considered that there is no heat transfer between the nozzle wall and the
particles due to their fast speed and low volume percentage, making the process adiabatic
[43]. Particles will therefore not decrease in temperature when the nozzle is cooled and so
not decrease deposition efficiency.
1.5 Electromagnetic State-of-the-Art
Another study proposed to magnetize the powder particles and then place a magnet be-
hind the substrate in order to further accelerate the particles coming out of the nozzle and
improve efficiency. This study’s approach looked promising, but its main focus was not on
reducing clogging [9].
In a similar fashion a group of researchers simulated a scenario of charged particles be-
ing accelerated towards the substrate by means of a strong electric field [44]. Their method
was promising in theory as smaller particles were not deflected as much by the shock waves
at the end of the nozzle which would result in higher deposition efficiencies. However, their
approach did not consider using an electric field to guide the particles along the way. Since
this approach is promising in increasing deposition efficiency [44], it is worth while to see
if particles can be guided and focused using an electric field, and to see whether or not the
given electric field strengths and particle charges [44] are feasible.
1.6 Electromagnetism as a Possible Solution
In this study I will examine the feasibility of influencing trajectories of particles in a sim-
plified model of the cold spraying process and then use that information to discuss the
feasibility of an electromagnetic field approach to prevent clogging within a deLaval nozzle.
I will use ANSYS FLUENT data provided by Professor Horst J. Richter [34] to extract crit-
ical information about particle trajectories and flow properties in the cold spraying nozzle
to build an accurate base for the calculation. I will then evaluate the amount of charge
that can reasonably be put on particles within a nitrogen gas flow, at typical operating
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conditions, prior to corona discharge.
Furthermore I will use Paschen’s law to find the breakdown field of a simplified version
of the nozzle in order to see how strong the electric field can possibly be prior to field break-
down.
The inception voltage of the charged particles within the electric field will then be consid-
ered as an adjustment of the scenario.
The results will then be assessed in a simulation of particle trajectories flowing through
a simplified 2-D track 2. The particles will be center-injected in the path and assumed to
travel parallel to the wall at constant velocity if no electric field were present. The cathode
will be located at 1mm above the injection site, while the anode will be located 1mm below
the injection site. Both electrodes run parallel in the x direction (see 2).
This set-up will show how much change in trajectory can be expected from an electric
field over various distances, particle sizes, materials, and particle velocities. The field will
be varied to examine how strong the field would need to be in order to induce a reasonable
change of particle trajectory [17].
Finally, I will discuss the feasibility of the electric field approach to reduce the clogging issue
and give a recommendation for future work to be done.
Due to the high velocities of the particles and their short path lengths a critical part of
this feasibility study is to find how much charge the particles can carry and how strong the
electric field can be in nozzle.
If the charge of the particles is too high their surface electric field will surpass the dielectric
strength of the gas leading to a discharge. A similar phenomenon occurs due to a high
potential between anode and cathode. At a certain point the breakdown voltage is reached
causing a discharge [50][20][2] [1].
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Figure 2: Simplified Domain of Calculation
These discharges reduce the effectiveness of the set-up, but also lead to dissociation of
compounds, alteration and corrosion of metals, and if oxygen is present ozone will be cre-
ated which corrodes all metals and organic insulators [2]. Although one can never be sure
of a complete lack of localized ionization discharges [2] this study aims to stay below this
point while still achieving the highest possible effect on particle trajectories.
2 Calculations
Although the deLaval nozzle used in the cold spraying process is a 3-D shape, since this is
a feasibility study the calculations will be simplified quite a bit. Since the corona discharge
and breakdown can be transformed into a 2-D space and the parameters only depend on
relatively large changes in pressure and gap distance the conical shape can be ignored.
Instead, a rectangular flow path was chosen. The parameters of the simplified flow model
within this path are based on an ANSYS Fluent simulation of a cold spraying flow of
nitrogen gas carrying titanium particles within a deLaval nozzle [34] in order to see the
pressure ranges and velocity magnitudes. The particles are injected in the middle at y=0
into the stream at a constant velocity vx = u. Their starting point is at x=0, and they
initially have 0 velocity in the y direction so vy = 0.
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2.1 Assumptions
1. The particles have no other force acting on them except for the electric field in that
region.
2. The x velocity is constant.
3. In this simplification the gas flow is unaffected by the particles.
4. The flow is axis-symmetric.
5. Particles are spherical.
6. Particles are not aggregated due to the strong Coulomb forces between charged par-
ticles [44].
7. Charge transfer between particles in a gas-solid mixture is low [27] so it is neglected.
8. The electric field is uniform in the region and reaches from the x=0 to the end of the
region.
9. The space charge density and its effects are assumed negligible [22].
10. Particle interaction due to charge is ignored.
11. The electric field extends infinitely and uniform outside of the nozzle region.
2.2 Breakdown Field
Paschen’s Law gives the breakdown field for a gas across a gap distance and at a certain
pressure. A rise in pressure decreases the ionization coefficient which increases the break-
down voltage [38]. The mean free path of electrons is inversely proportional to pressure,
and the more collisions there are, in between the cathode and anode, the more will the
chain reaction be slowed down as the electron emission behavior is random [16]. A similar
relationship exists between the gap distance and the breakdown voltage. If the gap distance
is increased, the breakdown voltage will also be higher as the electron avalanche will lose
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enough energy to halt the ionization prior to reaching the other electrode [2] [12]. Addition-
ally, the shape of the electrodes plays a vital role in determining discharges; sharper features
will lead to strong electric field variations and so increase the likely-hood of discharges [33].
However, the simplification in this study assumes flat plates which I will assume to follow
Paschen’s Law. Paschen’s law is defined as:
Vb =
Bpd
ln(Apd)− ln(ln((1 + 1γSE ))
(1)
Where A relates to the saturation ionization in gas, B is related to the excitation of ion
energies, γSE is the secondary electron emission coefficient, p is the pressure, d is the gap
distance, and Vb is the breakdown voltage [20][35][1]. For nitrogen gas the values of A and
B are 90.00 kPa/cm and 2565.00 kPa/cm respectively [20].
The secondary electron emission coefficient can be found experimentally, however, it can
have error of up to 80 percent. A different method, as described by Husain et Al. [20], uses
known breakdown voltages and the values of A and B to solve for a parameter depending
on the secondary electron emission coefficient. This allowed them to find an equation that
will work for a given pd value of common gases.








ln(1 + 1γSE )
) (3)
For a pd value ranging 3-1400 kPa-cm, the value was determined to follow:
k = 2.4043(pd)0.1030 (4)
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Here pd is also in kPa-cm.
It was determined that this formulation had an error of ±3% which is adequately accurate.
However, it is important to note that Paschen’s Law tends to give a rather optimistic
result for the breakdown voltage, especially at high pressures (above 10 atmospheres). Real
applications and tests have shown deviation from Paschen’s curve, which resulted in a lower
breakdown voltage [2]. This study will first assume an accurate prediction of Paschen’s law
in this idealized scenario, but it should be noted that experimental results might deviate.
Furthermore, reductions in the electric will be analyzed to account for this.
2.3 Corona Discharge
Corona Discharge occurs when a charged object within an insulating gas reaches an electric
field strong enough to ionize the gas and create plasma [30].
This only occurs when the electric field (potential gradient) on a surface exceeds a criti-
cal value. This critical value is the dielectric strength which for air is 30 kV/cm at standard
pressure [3]. This value changes with pressure and the gas composition [50].
The pressure for this simulation is assumed to be constant. The value p = 1.00MPa
was determined using ANSYS Fluent simulation of the cold spray process. In this simu-
lation nitrogen, carrying titanium particles, was forced through a deLaval nozzle [34]. At
this pressure the dielectric strength for nitrogen gas without contaminants was determined
experimentally to be 63kVcm . The value drops significantly to 39
kV
cm when metal contaminants
are present. The presence of contaminants is important in this particular application as they
normally cause an inception voltage by picking up a charge and so lower the breakdown field
[16]. The stream of particles in the cold spraying nozzle can be seen as contaminants, par-
ticularly because they are already charged prior in this scenario.
To calculate the max charge these particles can carry based on their radius, I can start by
treating the particles as point charges and calculate the electric field at a radius r which
corresponds to their size.
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The electric field can be set equal to the dielectric strength of nitrogen ’Edi’ in
V
m which





Where Qp is the charge of the particle, εN is the permitivity of nitrogen gas, and r is the
radius of the particle. Since the electric field has a max value equal to the breakdown field
strength of nitrogen, I can plug this value in and rearrange to solve for the max charge of
the particle:
Edi4πεNr
2 = Qp (6)
It should be noted that conducting suspended particles in an electric field will pick up a
charge from the surrounding electric field [4]. The particles can also receive a charge from
ionized particles in the gas around which might adhere to the conduction particles of the
powder [44]. Ionized gas particles might the be result of small scale discharges due to the high
electric field present. However, these effects do not affect the theory behind the maximum
charge the particles in the flow can carry prior to the occurrence of discharges. These effects
can therefore be neglected in this scenario. The particle charge discussed in this calculation
could, for example, be achieved by contact charging within the powder feeding mechanism
[27].
2.4 Inception Voltage
The breakdown field is negatively influenced by particles within. In most applications, con-
ducting contaminants can greatly reduce the electric field [14] by picking up a charge [4].
The breakdown field has been shown to suffer a reduction up to 50% in the presence of metal
contaminants [16]. The charge of the particles as a corona inception voltage increases the
local electric field already present which can lead to a surpassing of the dielectric strength of
the gas [16]. This phenomenon is likely due to the summation of the electric field strengths
in the region around the particles, and also the decreased gap size in Paschen’s Law. It
has been shown that the particle position within an electric field also has an influence on
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the inception voltage as it is lowered the closer the charged particle is to the walls that are
creating the main electric field [4].
The issue of the inception voltage becomes worse as more charged particles are present.
Not only will the inception voltage cause a strong reduction in the breakdown field, but re-
search has shown that roughly at sub 5 µm gap distance a sharp departure from Paschen’s
curve occurs. This departure greatly reduces the breakdown field even further [1]. The
failure of Paschen’s law occurs because the secondary electron emission is governed by ion-
enhanced field emission rather than ion impact. In these micrometer sized gaps the electric
field is large enough that electron tunnelling from the metal to the gas phase near the cath-
ode needs to be considered [1].
Some have tried to mitigate this effect by making the secondary electron emission coef-
ficient γSE dependent on a function of the uniform electric E and the reduced gas pressure
p0 [35]. However, computer simulation is needed to analyze how the breakdown field would
be affected with a particle distribution within the gap.
In this particular case, the particles already carry a high charge coming into the electric field
region. This will greatly reduce the breakdown voltage in the gap due to the interaction of
the present electric field in the gap and the field due to the charge of the particles.
Due to the inception voltage caused by the charged particles in the nozzle I will reduce
the maximum electric field predicted by Paschen’s Law by 50%. This aligns with experi-
mental results [16][4], where it was determined that simple contaminants could result in a
reduction up to this value. Since the particles enter the electric field with a very high charge
and are abundant and suspended throughout the entire flow, in cold spraying applications,
this reduction is appropriate. Hence discharge occurs at 50% of the predicted breakdown
electric field:





Where Eb is the breakdown field calculated through Paschen’s Law, and Emax is the realistic
maximum breakdown field with inception voltage due to the conducting/ charged particles
in the field.
I will use this approximation in the electric field calculation as an additional scenario in the
simulation.
2.5 Particle Trajectories
For the particle speed u and the distance L of the channel in the x direction, I can find the
time tmax for how long the particles travel through the channel. Figure 2 shows the basic





The particles experience no force in the x direction, but they experience a force from the
electric field in the y direction. If the particle has a charge Qp in an electric field E, then it
experiences a force Fp by Lorentz’s Law:
Fp = QpE (9)
Additionally, the drag force will be considered. Although negligible at small speeds, it
is important to note that the drag force might slightly alter the particle path. The high
pressure of 10 bar increases the viscosity of the nitrogen gas, which decreases the Reynolds
number. Although the Reynolds number for larger particles is relatively small, still, in order
to gain a good approximation for all particles, the Allen Flow approximation was used [21].
This approximation is valid for:
0.2 < Re < 500 (10)



















Where ρ is the density and µ is the viscosity of nitrogen at 10 bar and 300C [45]. The values
were chosen to be in line with the cold spraying environment within the nozzle. A is the
frontal area of the particle and vy is the velocity in the y direction.
I can plug equation 11 into equation 12 and take that result and put it into the drag force




It is important to note for later calculation that the drag force changes with the velocity
because the Reynolds Number changes with velocity of the particle.
Adding the forces on the particle due to the electric field and drag together I get a total
force FT of:
FT = Fp − Fd = QpE − 6.1µ0.6ρ0.4v1.4y r1.4π (15)
In order to find the acceleration of the particle I start with:
F = ma (16)




and insert equation (15) to get the acceleration of the particle:
a =










Now inserting (19) into (18) I get:
a =





Since the electric field is uniform and constant throughout the area, the electrostatic force
on the particles will be constant. However, the drag force component will increase as the
particles accelerate. Thus, the acceleration of the particles will decrease as their velocity




a dt dt (21)




at2 + vy(0)t+ y0 (22)
Now inserting the initial conditions that the initial velocity in the y direction is 0 vy(t =
0) = 0 and the particle position at time =0 is also 0 along the y axis y(t=0)=0 would
simplify the equation but because the drag force depends on the velocity of the particle I
need to keep the initial conditions in the equation. I can then evaluate them at every time
step again in order to find the next position of the particle. This requires that I also know
the velocity of the particle at every time t:
vy(t) = at+ vy(0) (23)
or
vy(t) = at+ vy(t− tstep) (24)
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Where tstep is the time time. With this system of equations of the acceleration, velocity, and
position of the particle I can calculate the trajectory. The trajectory needs to be calculated
for every time step rather than the time value because the initial conditions of y(0) and
vy(0) will be re-evaluated at every time step. The acceleration of the particle varies with
the velocity. The MATLAB code for this calculation can be found in the appendix in the
function ’pospar’. The equations in the code were combined further.
3 Computational Set-Up and Technique
3.1 Varying Parameters
In order to gain a clear picture of the feasibility of the electrostatic approach to prevent
clogging in the cold spray process, the calculation was conducted under varying parameters
to describe various scenarios.
• The length of the field will be varied between 10cm and 30cm to illustrate the effects
of a longer nozzle.
• The particle speed will be varied to show how feasible this approach is during different
stages of the nozzle. The particle speeds will range from 30ms to 600
m
s . Where 30
m
s
represents the speeds of the particles in the converging part of the deLaval nozzle and
600ms represents a usual cold spraying particle speed.
• The material of the particles will also be varied. Trials will be conducted with Tita-
nium, Copper, and Iron. Copper and Titanium are common materials used in cold
spraying while Iron is used as a comparison.
• The calculated maximum electric field will be used in order to show the maximum
flight path deviation, but lower electric field scenarios will also be presented to show
feasibility at lower values.
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• All of these parameters will be calculated for a range of particle sizes ranging from
5µm to 25µm in diameter.
3.2 Set-Up
All values and equations will be put into a MATLAB code which will show the particle
trajectories in all of the calculated scenarios.
4 Results & Discussion
4.1 Electric Field and Particle Charges
The calculated electric field in the gap is 2.71E7 Vm based on Paschen’s Law. This field is
reduced to 1.35E7 Vm with the 50% reduction in field due to the inception voltage of the
particles. This order of magnitude is reasonable to achieve in this gap from a technological
standpoint. The particle charge results are summarized in figure 3.
When comparing the results of this study with previous research done on the cold spray
process using an electric field, it become noticeable that estimates on charge densities of
some researchers are significantly higher than what this study predicts. For example, in a
study on the electrostatic acceleration of charged particles in a deLaval nozzle by Jen et
Al. [22], a charge density of up to 9.6E7 Cm3 was used for their simulation. Translating this
charge density onto the typical sized particles in the cold spraying process and calculating
the electric field one can see that the resulting electric field caused by the particles greatly
exceeds any estimate for the breakdown field of nitrogen (or most to all other gases) by
multiple orders of magnitude. If one uses the particle sizes used in this study, the electric
fields would be:
1. 9.12E12 Vm for 5 µm diameter particles
2. 2.74E13 Vm for 15 µm diameter particles
3. 4.56E13 Vm for 25 µm diameter particles
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These values are orders of magnitude to high. Although this includes the highest used
charge density cited in the study, the lower charge densities used also result in abnormally
high electric fields. All of them would cause significant discharges and not be achievable
in the cold spray nozzle environment. The study also used an 80kV potential in order to
accelerate the particles, which is of high, but reasonable order of magnitude for their gap
distance.
Overall, it can be deduced that the results of Jen et Al. [22] are beyond what is physically
possible and so the results should be considered with caution. Figure 3 shows the results of
the calculations in this study for the charge and charge density.
Figure 3: Charge and charge density of particles of different radii, as calculated
4.2 Change in Trajectory
It is important to note that the change in trajectory as shown in this simulation would even-
tually lead to a collision with the wall of the channel. This study aims to show the feasibility
of using an electric field to shift particle trajectories. For simplicity it was chosen to use
this simplified 2-D model prior to investigating complicated potential electric field configura-
tions. If particle trajectories were shifted a reasonable amount, one could further investigate
how an electric field could be used to guide the particles away from the radial nozzle wall
and towards the center; this would focus the stream. In this study it was assumed that,
although the particles would technically have left the path region after 1mm of shift in the
y direction, the field would continue in the same uniform manner until infinity. This choice
was made to see the clear correlation between particle size, charge, and shift in trajectory in
an electric field. The nozzle wall is indicated on the plots as the black line at the 1mm mark.
As expected at 30m/s horizontal velocity the particles are significantly affected by the
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electric field as seen in figure 4. Over this distance the particles displaced between 72mm
at 0.1m for the 5 µm particle diameter all the way to 415 mm at 0.3m path length for the
25 µm diameter particles. The shifts reduced to 44mm and 250mm respectively for the
same scenarios in the case with the lowered electric field. The inception voltage estimation
includes a 50% reduction in the electric field and so the shifts are expected to be much
lower. It is interesting to note that the shifts were not 50% less due to the effects of drag
which slow particles down with the exponent 1.4 of the velocity.
This displacement in any of the scenarios is so large that one can assume significant change
of trajectory can be achieved at 30 m/s horizontal particle velocity. The small particle ve-
locity in the x direction would correspond to the converging section of the deLaval nozzle. In
this region, the particle velocity is so slow that a major shift in trajectory can be achieved,
and so it is reasonable to assume the particle stream could be shifted and even focused. This
region exists before the throat region and the following diverging nozzle section where the
nozzle cloggs. One would first need to determine whether a more focused stream of particles
entering the diverging section would result in less clogging before drawing conclusions about
the effects on clogging. At this point the idea becomes a fluid dynamics problem that would
need a detailed CFD analysis to be fully understood.
((a)) Max electric field predicted by Paschen’s
Law
((b)) Electric field adjusted with inception
voltage reduction
Figure 4: Titanium particle trajectory over 0.3m at 30m/s
When considering the particle trajectories with a velocity of 400 m/s in the x direction as
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in figure 5, a significantly smaller shift in trajectory can be expected due to the electric field.
This velocity magnitude corresponds to slower moving particles in the diverging section of
the deLaval nozzle in the cold spray process.
It can be seen in figure 7 that the displacements of the particles start at about 18.5 mm
at the maximum for the medium sized and larger particles at the longest distance of 0.3m.
This becomes significantly less down to 2.2mm for the 25 µm particles at 0.1m path length.
In the case of the reduced electric field the lowest value of 1.1mm shift for the 25 µm is
basically 50% less which is reasonable since the Lorentz force dominates over the drag force
at the slow velocities so any effect on the electric field will result in an almost direct corre-
lation to the particle shifts.
Even at a shift of only 1mm significant clogging reduction can be expected. The trajectory
technically only needs to be altered slightly in order to avoid harsh impacts with the nozzle
wall. It is interesting to see how the smaller particle trajectory in blue crosses over the
other lines and ends up with a the lowest shift at the end of the 0.3 m region. This can
be explained due to the fact that the electric force scales with the square of the radius of
the particle while the drag force scales with the exponent of 1.4. This means that larger
particles will experience more relative force from the electric field than the smaller particles.
The larger particles are less affected by the drag force compared to the smaller particles.
Although some plots do not show a large enough time interval to see the full development,
but it turns out that the larger particles will end up displacing the most in the y direction
ahead of the medium and small sized particles. However, the smaller particles achieve a
shift of 1mm first, hence in this specific application it can be considered that the smaller
particles would shift the most in a guiding system.
Even along the shortest distance of 0.1m, which compares to a typical length of a cold
spraying nozzle, all particle sizes achieved a shift greater than the size of the path/nozzle.
It is expected that significant clogging improvement could be achieved at this particle ve-
locity using an electric field. The guiding of the particles is also a possibility in this case.
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((a)) Max electric field predicted by Paschen’s
Law
((b)) Electric field adjusted with inception
voltage reduction
Figure 5: Titanium particle trajectory over 0.3m at 400m/s
Similar to the results from the 400 m/s case, the 600 m/s graph 6 shows a much smaller
shift in trajectory of larger particles. The results show a change of path down to about
1mm over the length of a 10cm nozzle with the largest particles for the case predicted by
Paschen’s law. For the deviation in breakdown field due to the inception voltage the shift
drops to 0.5mm as seen in figure 8. This 0.5mm change over such a short distance is still
a significant change, and although this might mean that dispersion within the nozzle might
not be fixed instantly, it still shows a promising opportunity to focus the particle stream.
The repulsive force of the electrode at the nozzle wall would likely be enough to keep the
particles from sticking to the wall. Also, since smaller particles are more likely to clog and
their shift was around twice as much as the bigger particles over 0.1, it can be said that
clogging would be significantly reduced even in the 600m/s particle velocity scenario.
Overall, all particle speeds show promising results when it comes to influencing particles
trajectories.
4.3 Different Materials
In order to compare different the possibilities of the clogging reduction of different materials,
2 more tests were conducted using copper and iron. Copper is a common material used in
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((a)) Max electric field predicted by Paschen’s
Law
((b)) Electric field adjusted with inception
voltage reduction
Figure 6: Titanium particle trajectory over 0.3m at 600m/s
Figure 7: Titanium particle shift in trajectory (in mm) for a certain path length, radius,
and particle velocity
Figure 8: Titanium particle shift in trajectory (in mm) for a certain path length, radius,
and particle velocity adjusted for inception voltage with a 50% reduction in electric field
the cold spraying process [36] and although iron is not usually used it is a good general case
comparison. The comparison plots of the 3 materials at 600 m/s with the reduced electric
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field can be seen in figure 9.
((a)) Titanium Particle Trajectories
((b)) Copper Particle Trajectories ((c)) Iron Particle Trajectories
Figure 9: Particle trajectories over 0.3m at 600m/s of different materials with reduced
electric field strength
Copper and Iron have a much higher density than Titanium so it was expected that the par-
ticle shift would drop significantly. In the case of the 25µm particles over 0.1m, the copper
and iron shifted merely 0.26mm. This small change for the large particles is not ideal, but
is likely still enough to prevent particles from hitting the nozzle wall. The shift rises up to
5 mm over the distance of 0.3m for both the copper and iron which indicates that a guiding
system is still possible. The particle trajectories in figure 9 of different particle diameters
do not cross for both copper and iron. The higher density of the particles allows them to be
less affected by the drag force and so the crossing of the lines, due to the smaller particles
being affected more by drag, would occur at higher velocities than shown. The tendency of
the blue line, representing the 5 µm particles, lowering its acceleration can still be seen.
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It is important to note that the used electric field might already present an adjusted more
realistic electric field, but a voltage of 1.3 million volt across the gap might need to be
reduced for real world application. This would lower the shift of the particles even further
and so lower the guide-ability. However, since smaller particles are the biggest issue in terms
of clogging there is a larger margin of reductions of the electric field strength since the 5
µm copper particles still shifted 1mm over 0.1m. The complete data on the trajectories of
the different materials can be seen in table 10.
Figure 10: Particle shift in trajectory of different materials (in mm) for a certain path length
and radius for 600m/s; adjusted for inception voltage with a 50% reduction in electric field
4.4 Electric Field for 1mm Shift
In order to see how the electric field would scale down when the particle shift is reduced,
another calculation was done. The electric field was reduced to the point where all particles
shifted less than 1mm over the 0.3m channel. It was found that for the 600 m/s case the
maximum electric field predicted by Paschen’s Law was reduced to 5.0%. In the 30 m/s
case only 0.0385% of the maximum electric field was needed to achieve a maximum shift of
1mm. The plots can be seen in figure 11.
These results indicate that the electric field can be reduced by multiple orders of magnitude
and the particles will still experience enough force to shift an adequate amount. Although
shifts at 0.1m were quite small, the simulation indicates that particles will still experience
forces high enough to alter their trajectory on the millimeter order of magnitude. This is a
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((a)) 30 m/s case with 0.0385% of max electric
field
((b)) 600 m/s case with 5.0% of max electric
field
Figure 11: Titanium particle trajectory over 0.3m with a reduced electric field to stay below
1mm max shift
very promising result for real world applications. However, it should be noted that focusing
of the particle stream becomes less feasible in the case of an electric field reduced by these
high amounts.
4.5 Accuracy of Solution
Due to its small dielectric strength, Nitrogen gas is not the ideal candidate as an elec-
tric insulator, neither is Helium [16]. However these two gases are the ones mainly used
in the cold spraying process. Better gases would include CO2 and SF6, but due to their
high atomic weight and the lower speed of sound they are a bad choice for cold spraying ap-
plications. Also, SF6 is a strong greenhouse gas and so its use is generally not recommended.
Particle to particle interactions were not considered as particles of negative charge would
repel each other and so adhesion would be extremely inhibited. In addition, due to the
reduction of the electric field around a spherical particle with the inverse square of the ra-
dius, it can be assumed that the electric field strengths don’t add up enough to cause any
significant change with regards to discharges.
It should be noted that this study shows an idealized scenario with the hope of eliminating
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discharges, but it is known that some breakdown will occur in high voltage applications. It
is extremely hard to fully eliminate them without significantly reducing the electrode volt-
ages or particle charges [2] [12]. However, staying below the breakdown field of the gases
will prevent significant constant discharges.
When applying this technology in real world settings, results will likely be slightly lower
than even the inception voltage predicted case. The surface roughness of the nozzle, the
actual shape of the particles, the pressure inside the nozzle, unevenness in the electric field,
and consistency of charging mechanism could for example reduce the breakdown voltage
further/ cause discharges. The tolerance of feasibility is still an order of magnitude in this
calculated feasibility study and so the concept overall will likely still be viable in real world
applications as shown by the 1mm shift reduced electric field case.
4.6 Recommendation for Future Work and Possible Electromag-
netic Field Configurations
The results from this feasibility study are very promising and show that is it in fact feasi-
bility to reduce clogging in the cold spraying process using an electromagnetic field. Due
to the proof of feasibility, the concept now has the potential to be explored further. As
a first step it is important to explore the shape an electromagnetic field guidance system
could take. There are currently some systems out there in particle accelerators, electrostatic
precipitators, and electron microscopes.
A common tool used, particularly in electron microscopes is an electric field lens. These
lenses usually work using a coil of wire with a strong current running through it. As the
electrons pass through the coil of wire off-center they will experience a force perpendicular
to their motion by the right hand rule and so start a circular path. However, as their path
becomes more radial the right hand rule comes in affect in a different direction pushing the
particle towards the center [19]. The issue with this approach in the cold gas spraying ap-
plication is the extra movement of the particle in the radial direction before being focused.
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The relatively heavy particles in the cold spraying process moving at very high velocities do
not have enough time within the nozzle to be focused like this.
A slighter more useful example of such lens, named Einzel Lens, can be seen in figure
12. Although in 2-D it can be seen that the charged particle is forced towards the center
of the path and so it avoids hitting the path wall [37]. The Einzel lens usually consists
of 3 coaxial cylinders. The middle cylinder has an applied voltage while the outer 2 are
grounded. The resulting electric field guides particles towards the middle as they come too
close to the walls [28]. In the cold spraying process this approach poses high feasibility for
it is a guiding system of cylindrical format which fits the cold spraying nozzle geometry.
Figure 12: 2-D Graphic of an Einzel Lens used to focus charged particles where V is the
Voltage. This concept could be used in Cold Gas Spraying [37]
Essentially, a field is need that repels the particles from the nozzle walls at all times. An
idea came about in a discussion with Professor Charles Sullivan at the Thayer School of
Engineering that involved the use of magnets aligned on the outside of the nozzle wall,
creating a focused field inside the nozzle. With the magnets arranged around the nozzle a
magnetic field can be formed precisely in such a way that the particles would be pushed
towards the center of the path within a round nozzle. In order to focus the electric field
better magnetic field guides, that utilize magnetic polarization, can be used. A sketch
of this idea is seen in figure 13 in which case the particle path is coming out of the page.
This design is similar to the concept particle accelerators use to guide their charged particles.
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A study using these ideas of electric fields in a 3-D space, within a deLaval nozzle would
be the recommendation for future work to be conducted in the next step. Such simulation
should then also include the flow parameters in more detail as the effects of shocks and
turbulence were ignored in this simplified model.
Figure 13: Simplified 3-D guidance system for charged particles using magnets - direction
out of the page
5 Conclusion
This study aimed to find a solution to the clogging issue in the deLaval nozzle during the
cold gas spraying process. The feasibility was explored of using an electric field to guide
charged particles within the nozzle. To do so a simplified 2-D model was used that utilized
a path consistent of 2 electrodes with charged particles flying through it. The deviation
from the original flight path was simulated over varying scenarios.
It was found that at the maximum values for the electric field, prior to field breakdown
and discharges, the particles were significantly influenced within the field. The results prove
that the electric field approach to fix the clogging issue is feasible.
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Along the way it was shown that previous simulations utilizing an electric field approach to
accelerate particles need to consider discharges as a major factor in the feasibility of this
approach.
It was also found that smaller particles, which are more prone to clogging, were guided
much more than larger particles and so showed a very promising result for further investi-
gations.
It is recommended that an electromagnetic field approach is further explored in the cold
gas spraying process. A next step would include exploration of possible guidance field con-
figurations. Some early examples were provided in this paper, but they need to be further
explored to see their full effects in a 3-D space.
A more specific aspect that could be worthwhile to explore would be the direct focusing
of the charged particles in the entry region (converging section) of the deLaval nozzle. In
this region the particles are moving slow enough that a significant focusing effect on the
particle stream could be achieved. Within this approach it is important to find out whether
the focusing prior to the throat region will have a significant effect on clogging which nor-
mally occurs shortly after the throat region.
Once a solution has been found for a guidance system of the charged particles, a pos-
sible next step could be the combination of an electromagnetic field guidance-system in







%Cold Gas Spraying Thes i s − Main S c r i p t
%This program computes and p l o t s p a r t i c l e t r a j e c t o r i e s . . .
%under the i n f l u e n c e o f an e l e c t r i c f i e l d
c l e a r a l l ;
c l c
%d e f i n e va lue s
p= 1000 ; %pre s su r e in kPa
d= 0 . 3 ; %gapd i s tance in cm
A=90.00; %s a t u r a t i o n i o n i z a t i o n o f n i t rogen in kPa/cm
B=2565.00; %r e l a t e d to e x c i t a t i o n o f ion e n e r g i e s in kPa/cm
E = e l e c f i e l d (p , d ,A,B) ; %max e l e c t r i c f i e l d in V/m − ed i t ed
r= l i n s p a c e ( 2 . 5 , 1 2 . 5 , 3 ) ; %i s in micrometers , array o f 50
eN=8.859∗10ˆ(−12); %p e r m i t t i v i t y o f n i t rogen gas in Cˆ2/(N mˆ2)
Ecor= 63 ; %in kV/cm − without metal contaminants
%Ecor =39; %in kV/cm − with metal contaminants
Qp= chargepar (eN , r , Ecor ) ; %charge o f p a r t i c l e s in Coulombs
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L1= 0 . 3 ; %path length in m
ux= [ 3 0 ; 400 ; 6 0 0 ] ; %x v e l o c i t y in m/ s
x=l i n s p a c e (0 , L1 , 1 0 0 0 ) ;
tmax= L1 . / ux ; %array o f max times f o r each l ength and speed combination
n=2.864e−5; %v i s c o s i t y c o e f f i c i e n t in Pa∗ s f o r n i t rogen
rhot= 4 . 5 0 6 ; %dens i ty o f t i tanium in g/cmˆ3
rhoc= 8 . 9 6 ; %dens i ty o f copper in g/cmˆ3
rho f= 8 . 8 7 4 ; %dens i ty o f i r on in g/cmˆ3
t3= l i n s p a c e (0 , tmax ( 1 ) , 1 0 0 0 ) ;
t6= l i n s p a c e (0 , tmax ( 2 ) , 1 0 0 0 ) ;
t9= l i n s p a c e (0 , tmax ( 3 ) , 1 0 0 0 ) ;
%p o s i t i o n o f t i tanium p a r t i c l e s in m
yt3= pospar (Qp,E, n , r , t3 , rhot ) ;
yt4= pospar (Qp, 0 . 5 ∗E, n , r , t3 , rhot ) ;
yt6= pospar (Qp,E, n , r , t6 , rhot ) ;
yt7= pospar (Qp, 0 . 5 ∗E, n , r , t6 , rhot ) ;
yt9= pospar (Qp,E, n , r , t9 , rhot ) ;
yt10= pospar (Qp, 0 . 5 ∗E, n , r , t9 , rhot ) ;
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yt12= pospar (Qp, 0 . 5 ∗E, n , r , t9 , rhoc ) ; %f o r copper
yt14= pospar (Qp, 0 . 5 ∗E, n , r , t9 , rho f ) ; %f o r i r on
yt15= pospar (Qp,0 . 000645∗E, n , r , t3 , rhot ) ; %f o r 1mm s h i f t
yt16= pospar (Qp, 0 . 0 4 6∗E, n , r , t6 , rhot ) ;
yt17= pospar (Qp, 0 . 0 9 4∗E, n , r , t9 , rhot ) ;
%p lo t everyth ing
f i g u r e ( 1 ) ;
p l o t t e r (x , r , yt3 ) ;
t i t l e ({ ’ Titanium P a r t i c l e Tra jec tory − 30 m/ s over 0 . 3m’ ;
’ Based on Paschens Law ’ } ) ;
l egend ( ’ d=5um’ , ’ d=15um’ , ’ d=25um’ , ’ Nozzle Wall ’ , ’ Location ’ , ’ northwest ’ ) ;
g r i d on
f i g u r e ( 2 ) ;
p l o t t e r (x , r , yt6 ) ;
t i t l e ({ ’ Titanium P a r t i c l e Tra jec tory − 400 m/ s over 0 .3m’ ;
’ Based on Paschens Law ’ } ) ;
l egend ( ’ d=5um’ , ’ d=15um’ , ’ d=25um’ , ’ Nozzle Wall ’ , ’ Location ’ , ’ northwest ’ ) ;
g r i d on
f i g u r e ( 3 ) ;
p l o t t e r (x , r , yt9 ) ;
t i t l e ({ ’ Titanium P a r t i c l e Tra jec tory − 600 m/ s over 0 .3m’ ;
’ Based on Paschens Law ’ } ) ;
l egend ( ’ d=5um’ , ’ d=15um’ , ’ d=25um’ , ’ Nozzle Wall ’ , ’ Location ’ , ’ northwest ’ ) ;
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g r id on
f i g u r e (4 )
p l o t t e r (x , r , yt4 ) ;
t i t l e ({ ’ Titanium P a r t i c l e Tra jec tory − 30 m/ s over 0 . 3m’ ;
’ Paschens Law adjusted with Incept i on Voltage ’ } ) ;
l egend ( ’ d=5um’ , ’ d=15um’ , ’ d=25um’ , ’ Nozzle Wall ’ , ’ Location ’ , ’ northwest ’ ) ;
g r i d on
f i g u r e (5 )
p l o t t e r (x , r , yt7 ) ;
t i t l e ({ ’ Titanium P a r t i c l e Tra jec tory − 400 m/ s over 0 .3m’ ;
’ Paschens Law adjusted with Incept i on Voltage ’ } ) ;
l egend ( ’ d=5um’ , ’ d=15um’ , ’ d=25um’ , ’ Nozzle Wall ’ , ’ Location ’ , ’ northwest ’ ) ;
g r i d on
f i g u r e (6 )
p l o t t e r (x , r , yt10 ) ;
t i t l e ({ ’ Titanium P a r t i c l e Tra jec tory − 600 m/ s over 0 .3m’ ;
’ Paschens Law adjusted with Incept i on Voltage ’ } ) ;
l egend ( ’ d=5um’ , ’ d=15um’ , ’ d=25um’ , ’ Nozzle Wall ’ , ’ Location ’ , ’ northwest ’ ) ;
g r i d on
f i g u r e (7 )
p l o t t e r (x , r , yt12 ) ;
t i t l e ({ ’ Copper P a r t i c l e Tra jec tory − 600 m/ s over 0 .3m’ ;
’ Paschens Law adjusted with Incept i on Voltage ’ } ) ;
l egend ( ’ d=5um’ , ’ d=15um’ , ’ d=25um’ , ’ Nozzle Wall ’ , ’ Location ’ , ’ northwest ’ ) ;
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g r id on
f i g u r e (8 )
p l o t t e r (x , r , yt14 ) ;
t i t l e ({ ’ I ron P a r t i c l e Tra jec tory − 600 m/ s over 0 .3m’ ;
’ Paschens Law adjusted with Incept i on Voltage ’ } ) ;
l egend ( ’ d=5um’ , ’ d=15um’ , ’ d=25um’ , ’ Nozzle Wall ’ , ’ Location ’ , ’ northwest ’ ) ;
g r i d on
f i g u r e (9 )
p l o t t e r (x , r , yt15 ) ;
t i t l e ({ ’ Titanium P a r t i c l e Tra jec tory − 30 m/ s over 0 . 3m’ ;
’ E l e c t r i c F i e ld Reduced f o r 1mm Shi f t ’ } ) ;
l egend ( ’ d=5um’ , ’ d=15um’ , ’ d=25um’ , ’ Nozzle Wall ’ , ’ Location ’ , ’ west ’ ) ;
g r i d on
f i g u r e (10)
p l o t t e r (x , r , yt16 ) ;
t i t l e ({ ’ Titanium P a r t i c l e Tra jec tory − 400 m/ s over 0 .3m’ ;
’ E l e c t r i c F i e ld Reduced f o r 1mm Shi f t ’ } ) ;
l egend ( ’ d=5um’ , ’ d=15um’ , ’ d=25um’ , ’ Nozzle Wall ’ , ’ Location ’ , ’ west ’ ) ;
g r i d on
f i g u r e (11)
p l o t t e r (x , r , yt17 ) ;
t i t l e ({ ’ Titanium P a r t i c l e Tra jec tory − 600 m/ s over 0 .3m’ ;
’ E l e c t r i c F i e ld Reduced f o r 1mm Shi f t ’ } ) ;
l egend ( ’ d=5um’ , ’ d=15um’ , ’ d=25um’ , ’ Nozzle Wall ’ , ’ Location ’ , ’ west ’ ) ;
g r i d on
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6.1.2 Function: chargepar
f unc t i on [Qp] = chargepar (eN , r , Ecor )
%chargepar f i n d s the maximum charge on p a r t i c l e s o f d i f f e r e n t r a d i i
% the max charge i s based on the d i e l e c t r i c s t r ength o f n i t rogen . . .
% and i t s p e r m i n i t i v i t y .
%r i s in micrometers , array o f 50
%Ecor i s in kV/cm
%eN i s in Cˆ2/(N mˆ2)
rm=r .∗10ˆ(−6);% rad iu s o f p a r t i c l e s in meters
EcorV= Ecor ∗ 100000; % convert to V/m. 100cm per meter . 1000V per kV
Qp= 4∗ pi ∗eN∗EcorV . ∗ ( rm . ˆ 2 ) ; %charge o f p a r t i c l e s in Coulombs
end
6.1.3 Function: elecfield
f unc t i on [ E1 ] = e l e c f i e l d (p , d ,A,B)
%e l e c f i e l d computes the maximum e l e c t r i c f i e l d
% us ing Paschen ’ s law , the program uses the gap d i s t anc e and pr e s su r e
% to compute the maximum p o s s i b l e e l e c t r i c f i e l d p r i o r to breakdown
% in Nitrogen gas
%pre s su r e in kPa
%A and B in kPa/cm
%d in cm
k=2.4043∗(p∗d ) ˆ ( 0 . 1 0 3 0 ) ; %parameter obta ined exper imenta l l y
Vb = B∗p∗d/( log (p∗d)+k ) ; %Breakdown vo l tage in V
E= Vb/d ; %e l e c t r i c f i e l d in V/cm
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E1= Vb/(d /100 ) ; %e l e c t r i c f i e l d in V/m
end
6.1.4 Function: pospar
f unc t i on y = pospar (Qp,E, n , r , t , rho )
%pospar c a l c u l a t e s the p o s i t i o n o f the p a r t i c l e s throughout time
% func t i on w i l l r e turn array o f p o s i t i o n vs time f o r a l l r a d i i
% Qp i s in C
% E in V/m
% n in Pa∗ s
% r in micrometer
% rho in g/cmˆ3
rm=r .∗10ˆ(−6);% rad iu s o f p a r t i c l e s in meters
rhou= rho ∗1000 ; %dens i ty in kg/mˆ3 o f p a r t i c l e s
y= ze ro s ( l ength ( r ) , l ength ( t ) ) ; %s e t up array f o r p o s i t i o n
v=ze ro s ( l ength ( r ) , l ength ( t ) ) ; %s e t up array f o r y v e l o c i t y
n i t rho =5.854; %dens i ty n i t rogen in kg/mˆ3
mun= 28.68 e−6; %dynamic v i s c o s i t y n i t rogen in Pa∗ s
t s= t ( l ength ( t ) )/ l ength ( t );% step s i z e o f t
%only f o r diameter 5
r5=rm ( 1 ) ;
Q5= Qp( 1 ) ;
v5(1)= 0 ; %i n i t i a l v e l o c i t y
y5(1)= 0 ; %i n i t i a l p o s i t i o n
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f o r i= 2 : l ength ( t )
v5 ( i )= (3/4)∗ (Q5∗E−(6.1∗ n i t rho ˆ ( 0 . 6 )∗ v5 ( i −1)ˆ(1 .4)∗mun ˆ ( 0 . 6 ) . . .
∗ r5 ˆ ( 1 . 4 )∗ pi ) ) / ( rhou∗ pi ∗ r5 . ˆ 3 )∗ t s+ v5 ( i −1);
y5 ( i )= (3/8)∗ (Q5∗E− ( 6 . 1∗ n i t rho ˆ ( 0 . 6 )∗ v5 ( i ) ˆ ( 1 . 4 ) ∗mun ˆ ( 0 . 6 ) . . .
∗ r5 ˆ ( 1 . 4 )∗ pi ) ) / ( rhou∗ pi ∗ r5 . ˆ 3 )∗ t s ˆ2 +v5 ( i −1)∗ t s+ y5 ( i −1);
end
%only f o r diameter 15
v15 (1)= 0 ; %i n i t i a l v e l o c i t y
y15 (1)= 0 ; %i n i t i a l p o s i t i o n
r15= rm ( 2 ) ;
Q15= Qp( 2 ) ;
f o r i= 2 : l ength ( t )
v15 ( i )= (3/4)∗ (Q15∗E−(6.1∗ n i t rho ˆ ( 0 . 6 )∗ v15 ( i −1)ˆ(1 .4)∗mun ˆ ( 0 . 6 ) . . .
∗ r15 ˆ ( 1 . 4 )∗ pi ) ) / ( rhou∗ pi ∗ r15 . ˆ 3 )∗ t s+ v15 ( i −1);
y15 ( i )= (3/8)∗ (Q15∗E− ( 6 . 1∗ n i t rho ˆ ( 0 . 6 )∗ v15 ( i ) ˆ ( 1 . 4 ) ∗mun ˆ ( 0 . 6 ) . . .
∗ r15 ˆ ( 1 . 4 )∗ pi ) ) / ( rhou∗ pi ∗ r15 . ˆ 3 )∗ t s ˆ2 +v15 ( i −1)∗ t s+ y15 ( i −1);
end
%only f o r diameter 25
v25 (1)= 0 ; %i n i t i a l v e l o c i t y
y25 (1)= 0 ; %i n i t i a l p o s i t i o n
r25= rm ( 3 ) ;
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Q25= Qp( 3 ) ;
f o r i= 2 : l ength ( t )
v25 ( i )= (3/4)∗ (Q25∗E−(6.1∗ n i t rho ˆ ( 0 . 6 )∗ v25 ( i −1)ˆ(1 .4)∗mun ˆ ( 0 . 6 ) . . .
∗ r25 ˆ ( 1 . 4 )∗ pi ) ) / ( rhou∗ pi ∗ r25 . ˆ 3 )∗ t s+ v25 ( i −1);
y25 ( i )= (3/8)∗ (Q25∗E− ( 6 . 1∗ n i t rho ˆ ( 0 . 6 )∗ v25 ( i ) ˆ ( 1 . 4 ) ∗mun ˆ ( 0 . 6 ) . . .
∗ r25 ˆ ( 1 . 4 )∗ pi ) ) / ( rhou∗ pi ∗ r25 . ˆ 3 )∗ t s ˆ2 +v25 ( i −1)∗ t s+ y25 ( i −1);
end
y (1 , : )= y5 ;
y (2 , : )= y15 ;
y (3 , : )= y25 ;
end
6.1.5 Function: plotter
f unc t i on [ ] = p l o t t e r (x , r , yt )
%Plot s p o s i t i o n o f p a r t i c l e o f any rad iu s at any time
hold on
f o r k=1: l ength ( r )
p l o t (x , yt (k , : ) , ’ LineWidth ’ , 2 ) ;
end
z= l i n s p a c e ( 0 , 0 . 3 , 1 0 0 0 ) ;
l i n= ones ( 1 0 0 0 ) ;
l i n 1= l i n ( 1 , : ) . ∗ 0 . 0 0 1 ;
p l o t ( z , l i n1 , ’ k ’ , ’ LineWidth ’ , 1 . 5 ) ;
x l a b e l ( ’ Distance Along Nozzle (m) ’ ) ;
y l a b e l ( ’ Displacement in y (m) ’ ) ;
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hold o f f
end
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